] i ), which determines multifarious downstream effects. By using fast ratiometric Ca 2+ imaging with Fura-2, we quantified the external Ca 2+ uptake, compared it with Ca 2+ release from the endoplasmic reticulum (ER), and analyzed the interplay of these processes. We utilized CHO cells which lack voltage-gated Ca 2+ channels, so that the nsPEF-induced [Ca 2+ ] i changes could be attributed primarily to electroporation. We found that a single 60-ns pulse caused fast [Ca ] i by nsPEF mimicked native Ca 2+ signaling, but without preceding activation of plasma mem-
Introduction
Permeabilization of the cell plasma membrane with high-amplitude electric pulses has been known for decades and is commonly employed for intracellular delivery of xenobiotics and cell destruction [1] [2] [3] [4] . Shortening the pulse duration into nanosecond range has the potential to permeabilize not only the plasma membrane, but the intracellular membranous structures as well [5] [6] [7] [8] . Multiple studies have attempted to verify this theoretical prediction, with rather diverse outcomes. Depending on the experimental approach, the studies reported only plasma membrane effects [9] [10] [11] [12] [13] , only intracellular permeabilization [5, 14, 15] , or both [16, 17] .
The increase of intracellular Ca 2+ concentration ([Ca 2+ ] i ) is arguably among the most consequential effects of electropermeabilization. The resting [Ca 2+ ] i in most cell types is held tightly at about 100 nM, and its changes (increases) serve as a versatile and universal signal for the activation of multifarious Ca 2+ -dependent cascades. Depending on the cell type and physiology, as well as on the amplitude and timing of Ca 2+ transients, they may lead to such diverse effects as cell differentiation or division, cytoskeleton rearrangements, endo-and exocytosis, synthesis and release of neuromediators, activation of immune cells, apoptotic or necrotic cell death [18] [19] [20] [21] [22] [23] [24] -containing medium. Although the latter response was much stronger, the data were interpreted as a primarily intracellular effect of nsPEF, which, in turn, could activate capacitative Ca 2+ entry from the outside. The reason for such explanation was the lack of propidium uptake by the nsPEF-exposed cells, which was construed as the lack of plasma membrane electroporation. However, later studies found that propidium uptake is not a reliable measure of plasma membrane Contents lists available at SciVerse ScienceDirect Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / b b a m e m permeabilization by nsPEF; instead, its "nanoelectroporation" could be efficiently revealed by electrophysiological methods, cell swelling, uptake of YO-PRO-1 dye (which is smaller than propidium), or Tl + entry [10, 11, [25] [26] [27] . The cell membrane remains leaky to small solutes and water for minutes after the nsPEF treatment, hence Ca 2+ entry through nanoporated plasma membrane appears to be a simple and logical explanation to what was originally thought as the nsPEF-induced capacitative Ca 2+ entry.
In adrenal chromaffin cells, a single 4-ns pulse at 80 kV/cm activated Ca 2+ entry through L-type voltage sensitive Ca 2+ channels [28] . There was no evidence of the plasma membrane electroporation unless the pulse count was increased to 50 (as detected by the YO-PRO-1 uptake), and there was no response in the absence of the external Ca
2+
. In a continuation study, a single 5-ns pulse at 50-60 kV/cm readily evoked [Ca 2+ ] i transients in a Ca 2+ containing medium, but even a train of 10 pulses had no effect in the absence of external Ca 2+ [29] . [32] reported that 60-ns PEF (25-50 kV/cm) triggered exclusively Ca 2+ release from the ER, whereas the threshold for the extracellular Ca 2+ uptake was as high as 100 kV/cm. These findings are in stark contradiction with the electrophysiological [11, 12, 33] and fluorescent microscopy data [34] pathway-coupled receptors, but can be elicited without any chemical agonists.
Materials and methods

Cell lines and propagation
Experiments were performed in CHO-K1 cells (Chinese hamster ovary). The cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and propagated in Ham's F12K medium at 37°C with 5% CO 2 in air. The medium also contained 10% FBS, 100 I.U./ml penicillin, and 0.1 μg/ml streptomycin. The medium and its components were purchased from Mediatech Cellgro (Herdon, VA) except for the serum (Atlanta Biologicals, Norcross, GA). For the passage immediately preceding experiments, cells were transferred onto "0" thickness glass coverslips, and the experiments were carried out 12-24 h afterwards. Attached cells were irregularly shaped, with typical linear dimensions from 15 to 40 μm.
Reagents and solutions
Fura-2 pentapotassium salt, Fura-2/AM, calcium calibration buffer kit, and Pluronic F-127 (20% solution in DMSO) were purchased from Life Technologies (Grand Island, NY). Other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
During experiments, cells were continually perfused (0.5 ml/min) with a physiological solution containing (in mM): 140 NaCl, 5.4 KCl, 1.5 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 HEPES (pH 7.3, 300-310 mOsm/kg). For Ca 2+ -free conditions, CaCl 2 was replaced with 2 mM Na-EGTA.
Exposure to nsPEF and modeling of the local electric field
The method of exposure to nsPEF was similar to what was described recently [25, 37] , but the transmission line-based pulse generator was replaced with a Blumlein line-type circuit with a 2-fold higher maximum voltage output (about 800 V). This circuit was formed by two 50 Ω coaxial cables (RG58) connected in series into a 100 Ω pulse forming network. A 1 MΩ resistor was used to charge the pulse forming network, and the discharge was controlled by a high speed closing MOSFET switch (DE275-102N06A, IXYSRF, b 4 ns rise time). The reason for using a 100 Ω pulse forming network was to reduce the impact of the turn-on resistance of the MOSFET switch, so that tail-free, nearly rectangular pulses were generated. The pulses were delivered to a 200 Ω load, which, in our case, included the resistance between a pair of tungsten rod electrodes (0.08 mm diameter) submerged into the physiological solution and one additional resistor for matching the overall resistance to 200 Ω.
With the help of an MPC-200 robotic manipulator (Sutter, Novato, CA), the electrodes were positioned precisely at 30 μm above the coverslip surface so that selected cells were in the middle of the 0.15-mm gap between their tips. The electric field at the location of the cells was determined by a 3D simulation with a finite-element Maxwell equation solver Amaze 3D (Field Precision, Albuquerque, NM).
In this study, we used nsPEF of 60-ns duration at the E-field intensity from 3.7 to 30 kV/cm (0 kV/cm for sham exposure). NsPEF was triggered externally and synchronized with image acquisition and bath buffer exchanges by a TTL pulse protocol by using Digidata 1440A board and Clampex v. 10.2 software (Molecular Devices, Sunnyvale, CA). When applying multiple pulses, they were delivered at a rate of 20 Hz.
In most experiments, 4-8 cells were exposed to nsPEF together. The cells were located within about a 60 μm radius from the center point between the tips of the nsPEF-delivering electrodes. The cells were randomly oriented with respect to each other and to the electrodes; we did not notice any impact of cell orientation or size on the effect of nsPEF. Repetitive Ca 2+ imaging started at least 1 min prior to the nsPEF application, and continued for 5-10 min afterwards. Any group of cells was exposed to nsPEF only once. For statistical analysis, the experiments were repeated 3-10 times in different cell groups and on different coverslips. To compare several treatment conditions (e.g., the effects of different nsPEF amplitudes), these conditions were tested in a random sequence. Numerical data were statistically analyzed by using Origin 8.0 software package (Origin Lab, Northampton, MA). The threshold E-field values were estimated by linear fitting of the experimental data.
Measurement of [Ca
2+ ] i
Cells on coverslips were loaded with Fura-2/AM by incubation for 30 min in the physiological solution containing 5 μM of the dye and 0.05% of Pluronic F-127 (0.05%). The incubation was performed in the dark at room temperature (21°C).
The coverslips were washed in the physiological solution for at least 10 min and transferred into a glass-bottomed perfusion chamber (Warner Instruments, Hamden, CT) mounted on an IX71 inverted microscope (Olympus America, Center Valley, PA).
The dye was excited in 5-ms windows, alternatively at 340 and 380 nm, with the help of a fast wavelength switcher Lambda DG4 (Sutter Instruments, Novato, CA). We utilized an ET Fura-2 filter set (Chroma Technology, Bellows Falls, VT) and a UApo/340 40×/0.9 objective (Olympus). Emission was measured at 510 nm (40 nm half bandwidth) by using a C9100-02 EM CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan). The image acquisition and on-line data analysis were accomplished with Metafluor v.7.5. (Molecular Devices). Fura-2 emission ratio (R) at the two excitation wavelengths was calibrated against Ca 2+ concentration by using a calcium calibration buffer kit and following the manufacturer's instructions. In brief, increasing the concentration of free Ca 2+ ([Ca   2+ ] o ) shifts the maximum of Fura-2 excitation from 380 to 340 nm. R is linked to [Ca 2+ ] o by the following equation: ] i ) was calculated according to [35] as:
All fluorescence ratios were calculated after the subtraction of the background fluorescence. Calcium response traces presented in this paper were obtained by averaging individual traces from 15 or more cells. To maximize the signal-to-noise ratio and improve the sensitivity and accuracy of [Ca smoothing procedure slightly distorted the traces, e.g., produced a false impression of a slow response onset in Figs. 5 and 6. ] i proportionally to the pulse intensity. The increase lasted several minutes and was remarkably different for low (approximately 9 to 19 kV/cm) and high (>19 kV/cm) nsPEF intensities (Fig. 1) . For the lower intensities of nsPEF, [Ca 2+ ] i increased to no more than just 200-350 nM; the rise time and the overall shape of the response were highly variable, often with little or no recovery to the resting value of 100 nM within 5 min of observation. For more intense nsPEF, most cells responded with [Ca 2+ ] i increase to as high as 1-3 μM within 10-50 s after the pulse, followed by a gradual return to the resting value over the next 2-3 min. When responses to low-and highamplitude nsPEF were plotted on the same scale (Fig. 1B) , they formed two distinctly different groups, thereby suggesting the involvement of different response mechanisms.
Within both these groups, the peak amplitude of Ca 2+ response (as measured within 1 min after nsPEF) grew linearly with nsPEF intensity, at the rate of 8 ± 1.4 nM per 1 kV/cm for the E-field values under 19 kV/cm, and at 174 ± 12 nM per 1 kV/cm for the E-field values exceeding 19 kV/cm. Thus, the dose-response curve displayed a sharp bend at about 19 kV/cm ( Fig. 2A) . This bend was completely eliminated by the pre-incubation of cells with thapsigargin (TG), a specific and irreversible blocker of Ca 2+ -ATPase (SERCA) of the endoplasmic reticulum ( Fig. 2A) -ATPase (PMCA) and the sodium-calcium exchanger (NCX) pump them out of the cell [38] . These processes are manifested by a slow bell-shaped [Ca 2+ ] i change in response to the perfusion with 100 nM TG (Fig. 3A) .
For experiments with nsPEF, 100 nM of TG was added to the extracellular buffer already at the start of loading the cells with Fura-2/AM, and was also present in the physiological solution afterwards. By this protocol, nsPEF was delivered after a minimum of 40 min of incubation with TG, which was more than adequate for the complete depletion of Ca 2+ from the ER (Fig. 3A) ] i , followed by a smooth and relatively fast (1-2 min) return to the resting level (Fig. 3B) . The late, random components of the response seen in . Amplification of the response was observed only at 30 kV/cm and was abolished by 2-APB (50 μM). C: Same effect as in panel A but produced by 50 μM of 2-APB in the presence of 2 mM Ca 2+ in the bath. Fig. 1A (11.2-18 .7 kV/cm) were eliminated by TG, and thereby were likely a physiological response caused by a delayed Ca 2+ release from the ER. In contrast, the amplitude of the early response (within 1 min after nsPEF) to low-intensity nsPEF stimuli (b19 kV) was identical with or without TG and apparently was determined by the Ca 2+ entry from the outside (Fig. 3C ). Most importantly, TG fully eliminated the bend of the dose-response curve which remained linear at 13± 1.3 nM per 1 kV/cm up to the highest E-field tested ( Fig. 2A) (Fig. 4) .
The removal of the external Ca 2+ had a profound effect on the response to nsPEF. [Ca 2+ ] i increased rapidly (within seconds after the stimulus) and gradually returned to the resting value in 50-100 s (Fig. 5) . The E-field threshold for the Ca 2+ response was at about 19 kV/cm (Fig. 2B) ; this value was twofold greater than the threshold in the presence of the external Ca 2 + (9 kV/cm). Interestingly, the 19 kV/cm threshold matched the critical E-field value required for the amplification of the Ca 2 + response in the presence of the external Ca 2+ (Fig. 2) . We do not know yet if this similarity was by coincidence only or pointed to some mechanistic connection. Above the 19 kV/cm threshold, the amplitude of the nsPEF-induced [Ca 2+ ] i transients increased linearly (at a rate of 5.6 ± 2 nM per 1 kV/cm) until the E-field reached the critical value of 30 kV/cm, where the response increased sharply. As a result, the dose-response curve showed a similar bend as in the presence of the external Ca 2+ , but it was shifted from about 19 kV/cm to 26 kV/cm (Fig. 2B) . In actuality, the response to 30 kV/cm nsPEF was amplified in only about 50% of the cells. Grouping separately the cells with "amplified" and "non-amplified" responses has revealed distinct differences in the response kinetics (Fig. 6) . response were better discerned by differentiating the original traces and plotting d[Ca 2+ ] i /dt versus time (Fig. 6, bottom plots) . Differentiated traces show that at 2 s after nsPEF, the rate of [Ca 2+ ] i rise ceased to decline and increased again in cells with amplified response, but continued to decline in cells with non-amplified response (Fig. 6, arrows) . Thus, the second phase of the response started (or became detectable) at about 2 s after nsPEF, corresponding to the [Ca 2+ ] i rise to approximately 300 nM (Fig. 6, right panels) .
In retrospect, these two phases of the response could also be discerned in the amplified to nsPEF was indeed a secondary physiological response, namely the IP 3 R-mediated CICR.
Blocking of IP 3 R abolishes the amplification of Ca 2+ response to nsPEF
Exposure of CHO cells to a RyR agonist caffeine (up to 40 mM) or RyR blocker dantrolene (50 μM) did not change the resting [Ca 2+ ] i or the response to nsPEF (data not shown). This result was expected and consistent with other studies which reported no evidence of the endogenous RyR expression in CHO cells [41, 42] . Therefore, we focused on the role of IP 3 R, which is abundantly expressed and well-studied in CHO cells [43] [44] [45] [46] .
We found that the addition of 50 μM of an IP 3 R blocker 2-aminoethoxydiphenyl borate (2-APB) to the perfusion buffer a few minutes before nsPEF prevented the amplification of Ca 2+ response, but had no effect on the amplitude of the "non-amplified" Ca 2+ transients at lower nsPEF intensities. This effect of 2-APB has been shown both in the presence of the external Ca 2+ (Fig. 2C ) and its absence (Figs. 2B and 7) . In the presence of the external Ca 2+ , the blockage of IP 3 R with 2-APB had essentially the same effect as the depletion of ER Ca 2+ with TG ( Fig. 2A and C) .
Although this similarity was consistent with the CICR mechanism, it could also be indicative of a non-specific inhibition of SERCA by 2-APB; the possibility of this side effect of 2-APB was noted elsewhere [47, 48] . If SERCA was indeed inhibited by 2-APB, this would be manifested by the characteristic Ca 2+ efflux from the ER, similar to the effect of TG. However, we observed no sign of Ca 2+ efflux after several minutes of perfusion with 2-APB, whereas the amplification of the response to nsPEF was inhibited to the same extent as after ER depletion with TG (Fig. 7) . This result is corroborated by data in Fig. 2B , which shows that the "non-amplified" Ca 2+ efflux from ER after exposure to 26 kV/cm nsPEF was not affected by 2-APB (if 2-APB caused Ca 2+ leakage from the ER, the response to nsPEF would be diminished). Thus, the blockage of IP 3 R prevented the amplification of Ca 2+ signal by CICR, even though the ER Ca 2+ store remained untouched.
Discussion
Even in a relatively simple mammalian cell model (CHO cells), nsPEF produced complex effects that involved Ca 2+ influx through the permeabilized plasma membrane, Ca 2+ efflux from the ER store, and physiological amplification of the Ca 2+ signal by the activation of IP 3 R in the CICR pathway. By combining the ratiometric Ca 2+ imaging with pharmacological agents, varying the composition of the bath buffer, and testing the response for a wide range of nsPEF amplitudes, we were able to isolate each of the response mechanisms, quantify their sensitivity to nsPEF and contribution to the overall response. The cell plasma membrane was more sensitive to 60-ns electric pulses than the ER, with the threshold at about 9 kV/cm. This result matches well with the 6 kV/cm threshold for nanopore formation as detected by patch clamp in CHO cells [33] . Likewise, a single 60-ns pulse of 14 kV/cm elicited Tl + entry into the cell [34] ; the threshold for this effect was at or below 11 kV/cm (A. Pakhomov, unpublished data). In HL60 cells, the supposed capacitative Ca 2+ entry (which, as we now believe, was actually the entry through nanoelectropores) occurred at a somewhat lower but still close E-field level of 6.4 kV/cm [14] . ); the authors did not look specifically for the threshold of the effect [14] . ] i rise appears inconsequential and does not even seem to trigger Ca 2+ removal, at least within the studied time span. Then, the ratio of the Ca 2+ efflux from ER to its entry from the outside can serve as an accurate index of nsPEF efficacy to permeabilize internal membranes versus the plasma membrane. If theoretical predictions of nsPEF ability to cause intracellular poration are correct, reducing nsPEF duration should increase this ratio, while using longer pulses may bring it to zero. The experiments intended to test this hypothesis by comparing 10-, 60-, and 600-ns pulses are already in progress and will be reported soon. While it may be surprising that pulses as short as 4 and 5 ns did not trigger Ca 2+ efflux from the ER in either myocytes or adrenal chromaffin cells [28] [29] [30] , it is possible that all tested pulse amplitudes were below the threshold for either plasma membrane or ER permeabilization. Indeed, to the extent it was studied, Ca 2+ entry in chromaffin cells was determined mostly or completely by the opening of voltage-gated Ca 2+ channels. These channels are activated by membrane depolarization by 30-50 mV, whereas the transmembrane potential required for electroporation is about an order of magnitude greater [1, 2, 8] . Hence, one may infer that in excitable cells the membrane electroporation will always be accompanied by the opening of voltage-sensitive channels, unless they are deliberately blocked or inactivated. Furthermore, the opening of ion channels will effectively increase the membrane conductance and may reduce the efficiency of forthcoming pulses in high-rate nsPEF trains. In CHO cells, reaching the critical [Ca 2+ ] i of 200-300 nM triggered a profound amplification of the nsPEF effect by CICR. Importantly, this physiological response far exceeded the effect of nsPEF per se, and it no longer mattered whether the initial "kindling" occurred by Ca 2+ uptake from the outside or efflux from the ER. Perhaps it was the activation of CICR that prevented Scarlett et al. [32] from observing the difference in the nsPEF effects with and without external Ca 2+ (one 60-ns pulse at 25 or 50 kV/cm, Jurkat cells). By not seeing this difference, the authors concluded that the response was elicited exclusively by ER electroporation, which disagrees with all other relevant data on nanoporation [3, [10] [11] [12] 14, [25] [26] [27] 33, 34] . However, other effects reported in that paper, including "spontaneous" Ca 2+ oscillations and qualitative change of Ca 2+ response at 100 kV/cm, still require a better explanation.
It is important to emphasize that the maximum effect from nsPEF itself (i.e., when CICR was blocked) was rather modest. Under such conditions, [Ca 2+ ] i increased to no more than 400-500 nM (Fig. 7) followed by gradual recovery. Hence, the electroporative damage to membranes from nsPEF was limited and contained, and [Ca 2+ ] i changes from electroporation remained well under physiological limits: they were 5-10 times smaller than the physiological Ca 2+ transients produced by CICR.
Overall 
